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SUMMARY

The Langley 0.3-m Transonic Cryogenic Tunnel has provision for boundary removal from the
sidewalls to reduce sidewall interference effects on the test data. This report describes the tests
carried out to determine the change in the empty test section sidewall boundary-layer thickness
at the model station with upstream boundary-layer mass removal. The boundary-layer
measurements showed that the upstream removal region is effective in reducing the
boundary-layer thickness at the model station. The boundary-layer displacement thickness
reduced from about 1.2 percent to about .4 percent of the test section width. The
boundary-layer velocity profiles followed a power law variation in the outer region and showed

good correlation when plotted in terms of boundary-layer momentum thickness.

INTRODUCTION

The Langley 0.3-m Transonic Cryogenic Tunnel (0.3-m TCT) is a unique high Reynolds
number airfoil test facility. Its first successful operation in 1973 demonstrated the application
of cryogenic concept and showed the cooling of the test gas is both economical and practicable
to generate high Reynolds number transonic flows. Since then, several additional features added
at various stages, make 0.3-m TCT a unique facility for testing airfoils. Reference (1) gives a

full description of the evolution and operational characteristics of the 0.3-m TCT.

In its present form, the 0.3-m TCT has two distinct features to overcome the limitation of
conventional tunnels. First, the operation at low temperatures makes the test gas denser and less
viscous. This cryogenic feature coupled with the capability to operate at increased pressures of
about 6 atmospheres enables the testing of airfoil models at flight equivalent Reynolds numbers.
Second, the application of the adaptive wall concept for the test section reduces wall
interference. The adaptive floor and ceiling are of solid, flexible steel plates. The wall
contours of the floor and ceiling are adjusted during a test to correspond to nearly free air
streamline shapes. This helps to reduce significantly the wall interference effects on model

measurements.

An additional source of interference arises in two-dimensional airfoil testing. The model flow
field affects the growth of the boundary-layer on the sidewalls of the test section. This
interaction gives rise to non-uniformity of the flow across the model span. It is difficult to
compensate completely for sidewall effects by adjusting the top and bottom walls only. Hence,

modern airfoil test facilities use some type of boundary-layer treatment on the sidewalls.



The 0.3-m TCT employs a boundary-layer removal system to reduce sidewall interference
effects. The system consists of a pair of perforated plates mounted on the sidewalls upstream of
the model station. The perforated plates act as suction medium to remove the boundary-layer
mass flow. The flow coming out of the perforated plates exhausts directly to the atmosphere in
the passive mode. In the active mode of operation, a compressor injects the flow back into the

tunnel,

The mass flow removal from the test section sidewalls has two effects. First, the test Mach
number at the model station changes. The drop in Mach number is approximately proportional
to the amount of mass removed. In conventional tunnels with no provision for wall adjustment,
a correction is necessary for Mach number change with mass flow removal. Adaptive walls
have the advantage of adjusting the wall contours to give uniform Mach number distribution.
Second, the boundary-layer thickness reduces due to removal of low energy mass in the
boundary-layer. However, downstream of the suction region, the boundary-layer is much
thinner and grows rapidly due to higher skin friction. Hence, if the model station is too far

downstream, the benefits of boundary-layer removal becomes smaller.

For the 0.3-m TCT, there was no attempt during the design to optimize the location of the
boundary-layer removal station. The primary effort was towards development of an advanced
perforated plate and the associated boundary-layer removal system. With minor modification, it

is possible to remove the boundary-layer at the model station or at a downstream station.

The suction region of the perforated plates currently being used in the 0.3-m TCT for
boundary-layer removal is 6" wide. The downstream edge of the plates is 11.25" ahead of the
model turntable center. This report gives details of the sidewall boundary-layer measurements
made recently to determine whether the upstream removal location was effective in reducing the
boundary-layer thickness at the model station. The tests conducted in the empty test section
involved measurement of boundary-layer profiles on the sidewalls at the model station. The
range of mass flow removal rates covered in these test were from zero to maximum obtainable
with passive operation. The empty test section boundary-layer displacement thickness(a*) and
shape factor (H) calculated from the profiles are useful in correcting airfoil test data for the

sidewall effects.
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NOMENCLATURE

- Test section width

Boundary-layer shape factor

Reference length (1 inch)

Mass flow

Mach number

Index of power-law for the velocity profile (Ucx yl/m
Reynolds number per foot

Velocity

Distance from the wall

Boundary-layer thickness

Boundary-layer displacement thickness

Boundary-layer momentum thickness

Subscripts

bl
ts

refers to conditions outside the boundary-layer
refers to boundary-layer removal

refers to test section

APPARATUS

0.3-m Transonic Cryvogenic Tunnel

The 0.3-m TCT (figure 1) is a continuous fan driven tunnel using cryogenic nitrogen as test gas.
A 3000 HP variable frequency motor drives the fan. The test Mach number is variable in the
range from about 0.05 to 0.9. The stagnation pressure and temperature are variable in the range
1.2 - 6 atmosphere, and 80 - 320 K, respectively. The liquid nitrogen injected into the tunnel
circuit before the first corner cools the tunnel to the required stagnation temperature.
steady conditions, the cooling capacity of the liquid nitrogen is equal to the heat dissipated by
the fan. An exhaust valve located near the third corner controls the stagnation pressure in the

tunnel.

A sophisticated control system enables independent variation of test Mach number,

stagnation pressure and temperature.



Adaptive Wall Test Section

The adaptive wall test section (figure 2) has rigid sidewalls, and adjustable floor and ceiling.
The cross section is a 13 inch square when the ceiling and floor are parallel. The overall length
of the test section is 73.2 inches. Figure (3) shows a schematic arrangement of the 0.3-m TCT

adaptive wall test section and the location of the boundary-layer removal region.

The flexible ceiling and floor are of stainless steel plates to withstand cryogenic operating
conditions. The plate thickness varies along the length. At the upstream fixed end, the
thickness is maximum (.375 inches). Near the turntable region, the plate is much thinner (.063
inch) to permit contouring the wall to the streamline shapes. The downstream end moves freely
in a sliding joint. The flexible floor and ceiling are supported along the length at twenty-one
locations by separate electrically operated jacks. Separate stepping motors drive each of these
jacks to the desired contour. For operational convenience, the stepping motors and the jacks
are outside the cryogenic environment and the pressure shell enclosing the test section. The
push rod attachments between the plates and the jacks pass through the pressure shell. A
micro-processor monitors the wall movements and limits the minimum radius of curvature to 30

inches to avoid excessive stresses.

The adjustment of wall shapes to free air streamline shapes requires a knowledge of the current
wall position and the fluid velocity. Linear Variable Displacement Transducers (LVDT) located
at the jack stations, and the pressure orifices on the plate provide this information. Using these
data, a wall adjustment strategy calculates the wall position required to simulate the free air
conditions in the tunnel. The calculation uses data at only the first eighteen jacks. The last
three jacks provide a faring of the wall shapes to the test section exit or diffuser entry.,
Reference (2) describes in detail the adaptive wall test section and the wall adjustment strategy

to eliminate interference.

Boundary-Layer Removal System

Figures (1) through (3) show 0.3-m TCT sidewall boundary-layer removal scheme. Reference
(3) describes in detail the complete system. The purpose of this system is to reduce the sidewall
boundary-layer thickness at the model station. The smaller boundary-layer thickness minimizes
the tendency for separation and consequent adverse effects on the airfoil measurements, Also,

the correction to test Mach number, if any, will be much smaller.



Figure (4) shows the details of the boundary-layer removal medium for the adaptive wall test
section. It consists of a pair of perforated plates mounted flush on the tunnel sidewalls
upstream of the model. The suction region of the perforated plates are 6" wide and 13" high.
The plates extend from tunnel floor to the ceiling. The plates have fine holes drilled by using
the electron beam technique. The holes are 0.012-inch diameter and 0.032-inch apart giving a
nominal open area of about 11 percent. The perforated plates are glued to a honeycomb-large
hole plate (fig 4) structure. This fabrication technique provided a rigid, porous medium for

boundary-layer removal.

The surface exposed to the test section flow is smooth obtained by etching and polishing of the
surface. Earlier studies (references 4 and 5) had shown that these perforated plates to be
superior to conventional sintered type materials. With no flow, the boundary-layer growth due
to surface roughness or hole openings will be much less for these plates. The boundary-layer
mass taken out of the test section passes through digital flow control valves. These digital
valves consist of a number of calibrated sonic nozzles. The nozzles open or close in appropriate
combination to control the rate of mass removal from the test section. A dedicated

micro-processor commands the opening and closing of the nozzles.

The boundary-layer removal system, as shown in figure 1, operates in two modes, either passive
or active. In the passive mode of operation (figure 5), the boundary-layer mass removed
exhausts directly to the atmosphere. Therefore, for this mode to be effective, the test section
static pressure must be higher than the ambient value. Also, the maximum amount of
boundary-layer mass taken out cannot exceed the amount of gas produced by the liquid
nitrogen injected to remove heat of compression and maintain maintain test pressure and
temperature. The amount of liquid nitrogen injected into the tunnel is considerable at higher
Mach numbers due to larger power dissipation. Instead of the normal exhaust procedure, taking
out nitrogen gas through boundary-layer removal system offers a convenient operating mode at

transonic speeds.

The active mode is most useful at low test Mach numbers when the amount of liquid nitrogen
injected is quite small. To maintain stable tunnel flow conditions, it is necessary to inject back
most of the boundary-layer mass removed. The gas removed passes through a centrifugal
compressor. The compressed gas then enters the tunnel circuit at the diffuser location. For the
present tests, the boundary-layer removal system operation was in the passive mode for

convenience.



Boundary-Layer Measurements

A boundary-layer rake (figure 6) mounted on the right sidewall turntable was used to measure
the total pressures in the boundary-layer. The rake had 15 total pressure probes spaced equally
.04in apart. The first tube of the rake was at a distance of about 0.04 inch from the wall. For
most of the test conditions, the rake was within the sidewall boundary-layer. Hence, it was
possible to obtain reliable estimates of the boundary-layer displacement thickness and shape
factor. The probe tips were of stainless steel tubing with 0.02 inch outside diameter and 0.01
inch inside diameter. The probe tips were at a distance of 10.125 inch from the downstream

edge of the suction region (Figure 6).

RESULTS AND DISCUSSION

For the test data in this report, the boundary-layer operation was in the mode. The adaptive
wall ceiling and floor contours were set to aerodynamically straight shapes. Hence, with
sidewall boundary-layer removal there was a slight drop in the Mach number at the turntable
location.  This change in Mach number does not have a major effect on the sidewall
boundary-layer measurements. The stagnation temperature and pressure varied from about
125K to 230K, and 26 to 71 psi, respectively. The corresponding unit Reynolds number was
26.6 million per foot. With these conditions, the maximum amount of mass flow removal was
about 1.7 percent (Figure 7) in the passive mode. For testing under conditions above Mach

number of 0.7, the passive removal capability appears adequate.

Reference (6) gives the details of calculating the boundary-layer parameters from the
measurements. The computer program described in reference (6), converts the boundary-layer
rake total pressures to velocities. Integration of these velocities gives the displacement and
momentum thicknesses and the shape factor. Figure (8) shows the calculated velocity profiles at
the turn- table for a sample case at a Mach number of 0.766, with different levels of
boundary-layer removal. With increasing suction rates, the velocity within the boundary-layer
increases continuously. Figure (8) also demonstrates that the present upstream location of the
boundary-layer removal station is still effective in reducing the boundary-layer thickness at the

turntable.

Most of the data points in the boundary-layer lie in the outer region of the turbulent
boundary-layer. Hence, the program of reference (6) uses a power law velocity variation for

extrapolating the experimental data from the first tube to the wall. Figures 9a-c, compare the



results of power-law velocity variation with the measured velocities, for Mach numbers .5, .765
and .8. For all the conditions, the comparison indicates that the velocity profiles are close to

power velocity variation.

The index n in the power law for velocity is a strong function of the suction velocity (figure
10). It increase from about 7 for zero mass flow removal to about 13 with maximum removal.
The dependence on Mach number is not significant. For zero mass flow removal, it is close to

7 over the Mach number range 0.3 to 0.8 (Figure 11).

The displacement thickness and shape factor are of particular interest in correcting the test data
for sidewall effects. Figures (12) and (13) show their variation with increasing mass flow
removal. The displacement thickness is about 1.3 percent of the test section width when there
is no mass removal. It reduces to about 0.6 percent with maximum removal. However, the
mass flow removal is most effective from 0 to about | percent. Beyond one percent removal,
the decrease in boundary-layer thickness is rather small. Also, with suction the initial spread in

data at zero removal, almost vanishes.

The shape factor variation is similar for conditions with and without mass removal. The shape
factor reduces by about .1 under maximum removal condition. The dependence on Mach
number is strong. It increases from from 1.25 at low Mach numbers to about 1.4 at a Mach

number of about .8.

Figures ld4a-c compare the boundary-layer velocity profiles at different Mach numbers for
fixed boundary-layer removal rates. This demonstrates that the sidewall boundary-layer
velocity variation depends primarily on the rate of boundary-layer removal. The effect of
Mach number is secondary. Figures 15a-c correlate the variation of the boundary-layer velocity
with distance from the wall in terms of the boundary-layer momentum thickness (y/6). The

data for different non-zero boundary-layer removal rates correlate satisfactorily.

The results presented in this report cover only one Reynolds number at 26.6 million per foot.
Appendix A tabulates the calculated boundary-layer parameters and the velocity profile details
for all the data points. At lower Reynolds numbers, the boundary-layer thickness will be
larger. But with suction, the effect of Reynolds number may become secondary. With about
1.5 percent suction rate, the sidewall boundary-layer displacement thickness is about .4 percent
of the test section width (26‘/b).



The correction for the airfoil test data for sidewall boundary-layer interference effects depends
on the empty test section boundary-layer characteristics (26*/b and H), the airfoil model aspect
ratio and the test Mach number. At transonic speeds, the present boundary-layer measurements
suggest that the maximum correction to the test Mach number will be about -0.004. This
correction is based on one-dimensional changes in the flow area due to changes in the sidewall
boundary-layer thickness. Three-dimensional effects tend to make the corrections much
smaller. It may be noted that the correction is valid only as long as the boundary-layer remains

attached to the sidewall.

CONCLUSION

Sidewall boundary-layer measurements at the model location show that the upstream removal
location is quite effective. The boundary-layer displacement thickness reduces from about 1.2
percent to about .4 percent of the test section width, with passive boundary-layer removal. The
measured velocity profiles follow a power law variation in the outer region and show good

correlation when plotted in terms of boundary-layer momentum thickness.
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Summary of 0.3-m TCT Sidewall Boundary-Layer Measurements

TABLE 1

213- 03- 01
213- 03- 02
213- 03- 03
213- 03- 04

213- 04- 05
213- 04- 06
213- 04- 07
213- 04- 08

213- 05- 09
213- 05- 10
213- 05- 11
213-05-12

213- 06- 13
213- 06- 14
213- 06- 15
213- 06- 16

213-07- 18
213-07- 19
213-07- 20
213- 07- 21

213- 08- 22
213- 08- 23
213- 08- 24
213- 08- 25

213- 09- 26
213- 09- 28
213-09- 29

213- 10- 32
213-10- 33
213- 10- 34

213- 11- 35
213-11- 36
213-11- 37

7025
.7023
1037
7032

7324
7333
7310
7308

7516
7523
7511
.7497

7622
71599
.7607
.7630

7794
71816
.7807
.7806

.8000
.8048
.8005
.8048

6539
.6498
6535

2988
3031
3013

5016
.4995
4997

.269E+08
.270E+08
.269E+08
.269E+08

.269E+08
.269E+08
.269E+08
.270E+08

.266E+08
.269E+08
.270E+08
.268E+08

.269E+08
.268E+08
267E408
269E+08

.268E+08
.270E+08
.269E+08
.266E+08

.268E+08
267E+08
.270E+08
272E+08

.269E+08
.269E+08
271E+08

.270E+08
.275E+08
.273E+08

271E+08
.270E+08
.266E+08

(TEST: 213)
Tt m
K %

230.7 0.00
230.6 0.50
230.6 1.00
230.6 1.40
230.8 0.00
230.7 0.50
230.6 1.00
230.7 1.60
230.9 0.00
231.0 0.50
230.8 1.00
230.6 1.60
230.8 0.00
231.1 0.50
230.8 1.00
230.6 1.70
231.1 0.00
230.9 0.50

230.8 1.00

230.8 1.76

232.8 0.00

231.1 0.50

231.0 1.00

230.8 1.80
230.7 0.00
230.6 0.50
230.6 1.00
130.5 0.00
129.8 0.50
129.8 0.80
129.7 0.00
126.8 0.50
129.8 1.00



TABLE I
Summary of 0.3-m TCT Sidewall Boundary-Layer Measurements
(TEST: 213)

213- 12- 38 .8189 .265E+08 28.70 130.4 0.00 .6191 .0785 .0519 1.51
213- 12- 39 .8213 267E+08 27.13 1250 0.50 .5399 .0569 .0387 1.46
213- 12- 40 8187 .266E+08 27.10 1249 1.00  .4905 .0451 .0312 1.44
213- 12- 41 8196 .262E+08 26.67 1249 1.80 .4578 .0361 .0254 1.42

213- 13- 42 8405 268E+08 3549 1517 0.00 .6291 .0795 .0522 152
213- 13- 44 8393 .269E+08 35.49 1515 0.50 .5351 .0554 .0375 147
213- 13- 45 8454 269E+08 35.41 1513 1.00 .5078 .0475 .0325 1.45
213- 13- 46 .8431 .271E+08 3568 1514 1.66 .4623 .0368 .0256 1.43

11
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Figure 4: Details of Perforated Plates used for Boundary-Layer Removal
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Figure 7: Passive Boundary-Layer Removal Capability Variation with Mach Number
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Figure 8: Boundary-Layer Velocity Profiles for Different Suction Rates
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Figure 9a: Comparison of Measured Velocity Profiles with Power-law variation
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Figure 9b: Comparison of Measured Velocity Profiles with Power-law variation
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Figure 9¢: Comparison of Measured Velocity Profiles with Power-law variation
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Figure 10: Variation of Index n in Power-law with Rate of Suction
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Figure 12: Variation of Side Wall Boundary-Layer Displacement Thickness
at Model Station with upstream suction.
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Figure 14a: Comparison of Boundary-Layer Profiles for Different Mach
Numbers with no Mass Flow Removal.
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Figure 14b: Comparison of Boundary-Layer Profiles for Different Mach
Numbers with 0.5 percent Mass Flow Removal.
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Figure 14c: Comparison of Boundary-Layer Profiles for Different Mach
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Figure 15b: Correlation of Boundary-Layer Profiles in terms of Momentum
Thickness for M=0.765
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APPENDIX A

0.3-M TCT ADAPTIVE WALL TEST SECTION
SIDEWALL BOUNDARY-LAYER MEASUREMENTS
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